One of the first steps in the coding of olfactory information is the transformation of synaptic input to action potential firing in mitral and tufted (M/T) cells of the mammalian olfactory bulb. However, little is known regarding the synaptic mechanisms underlying this process in vivo. In this study, we examined odor-evoked response patterns of M/T and granule cells using whole-cell recording in anesthetized, freely breathing rats. We find that odor-evoked excitatory responses in M/T cells typically consist of bursts of action potentials coupled to the ϳ2 Hz respiration rhythm. Odor-evoked, rhythmic M/T cell excitation is reliable during odor presentation (2-4 sec); in contrast, both excitatory responses of granule cells and M/T cell lateral inhibition adapt quickly after the first respiration cycle in the presence of odorants. We also find that the amplitude and initial slope of odor-evoked synaptic excitation play an important role in regulating the timing of M/T cell spikes. Furthermore, differences in odor concentration alter the shape of odor-evoked excitatory synaptic responses, the latency of M/T cell spikes, and the timing of M/T cell lateral inhibition.
Introduction
Olfactory coding begins with the transduction of odor information into electrical signals by olfactory receptor neurons (ORNs). In mammals, ORNs express only one type of receptor out of a repertoire of ϳ1000 (Buck and Axel, 1991) . Although an individual ORN expresses only one type of receptor, it can be activated by many different odorants (Malnic et al., 1999; Duchamp-Viret et al., 2000) . Axons of ORNs that express the same types of receptors project into the main olfactory bulb and converge to only a few stereotyped glomeruli (Mombaerts et al., 1996) . Optical imaging studies have suggested that odor identity and intensity are represented by distributed patterns of activated glomeruli (Rubin and Katz, 1999; Uchida et al., 2000; Belluscio and Katz, 2001; Meister and Bonhoeffer, 2001; Wachowiak and Cohen, 2001; Spors and Grinvald, 2002) . Together, these results suggest that a combinatorial and spatial pattern of neuronal activity underlies olfactory coding.
Mitral and tufted (M/T) cells, the principal cells of the olfactory bulb, receive excitatory input from ORNs on their distal dendrites in glomeruli and convey odor information through their axons to the cortex (Shepherd, 1998) . M/T cells also extend lateral dendrites for large distances across the bulb and form reciprocal dendrodendritic synapses with local interneurons, the granule cells (Shepherd, 1998) . This reciprocal synaptic arrangement underlies self-inhibition and lateral inhibition of M/T cells (Jahr and Nicoll, 1980; Isaacson and Strowbridge, 1998; Schoppa et al., 1998; Chen et al., 2000) . Interactions between M/T cells and local interneurons may contribute to the processing of odor information .
Temporal patterns of neuronal activity may also play a role in olfaction (Laurent, 1999; Laurent et al., 2001) . For example, odors evoke synchronized activity in large ensembles of central olfactory neurons in many species (MacLeod and Laurent, 1996; Kashiwadani et al., 1999; Lei et al., 2002) . Furthermore, in insects and zebrafish, olfactory principle cells express complex spiking patterns in response to odorants (MacLeod and Laurent, 1996; Friedrich and Laurent, 2001 ). This work and theoretical studies (Hopfield, 1995) have implied that the relative timing of M/T cell spikes can provide a mechanism for olfactory coding. In mammals, respiration provides a natural source for temporal patterning in olfaction. The respiration-driven, rhythmic activation of ORNs could provide an oscillatory drive controlling the timing of M/T cell spikes. Indeed, studies show that M/T firing patterns are correlated with the respiration cycle (Macrides and Chorover, 1972; Chaput and Holley, 1980; Mair and Gesteland, 1982) . However, the precise relationship between respiration-coupled ORN synaptic input and M/T spiking has yet to be established.
Many studies have examined odor-evoked responses of olfactory bulb neurons using extracellular unit recording or intracellular microelectrodes (Meredith, 1986; Hamilton and Kauer, 1989; Wellis and Scott, 1990; Imamura et al., 1992) . Although these studies have shed light on the nature of odor-evoked firing patterns, much less is known about odor-evoked synaptic transmission. In this study, we use whole-cell patch-clamp recording to examine odor-evoked responses of M/T and granule cells in vivo in freely breathing rats.
Materials and Methods
Animal preparation and odor stimulation. All experiments were performed in vivo on freely breathing rats (Sprague Dawley, postnatal day 12-18) anesthetized with urethane (1.2 gm/kg, i.p.). Animals were held in a standard stereotaxic apparatus with ear bars. The body temperature was monitored with a rectal thermometer and maintained at 35-37°C by a feedback-controlled heating pad. Respiration was recorded by measuring chest extension with a piezoelectric strap. A craniotomy was performed to gain access to the dorsal side of the olfactory bulb.
Odors were delivered to the nose through a custom-built olfactometer. Air was filtered (high-efficiency particulate air/charcoal filter) and passed through glass bottles containing filter paper saturated with odorants. Teflon tubing was used for all connections. During experiments, a continuous stream of filtered air was directed to the animal's nose (4.7 l/min). Odor application was regulated by diverting airflow to the odorcontaining bottles via computer-controlled solenoid valves. We used both single and complex compounds as odorants, including aliphatic aldehydes of different change lengths (-CHO), amyl acetate (AA), cinnamon oil (CIN), and peppermint oil (PP). The odor concentration was determined by the v/v dilution of odorants in mineral oil, ranging from 1 to 100%.
Physiology. In vivo whole-cell recordings were obtained using the "blind" patch-clamp approach (Blanton et al., 1989; Margrie et al., 2001) . Briefly, patch pipettes (5-7 M⍀) were filled with a K ϩ -based internal solution containing (in mM): 125 KMeSO 4 , 4 KCl, 10 HEPES, 10 phosphocreatine, 3 MgATP, and 0.5 NaGTP, pH 7.3. Electrodes were advanced into the brain in small steps (several micrometers) under positive pressure. When a neuron was encountered, the positive pressure was removed, to achieve a seal resistance of Ն1 G⍀. The whole-cell configuration was then achieved by applying additional negative pressure. The membrane potential was recorded with a MultiClamp 700 A amplifier (Axon Instruments, Foster City, CA), filtered at 4 kHz, and digitized at 10 kHz (ITC-18; Instrutech, Port Washington, NY). Series resistance was typically ϳ40 M⍀ and bridge balance was controlled via the automatic compensation feature of the MultiClamp. Data were acquired using Axograph 4.6 (Axon Instruments). The membrane potential was determined from the value immediately after achieving the whole-cell configuration. In cells that fired spikes spontaneously, the average interspike membrane potential was calculated over several seconds. All reported values have been corrected for an ϳ10 mV junction potential. Hyperpolarizing and depolarizing currents were injected to determine the input resistance. During experiments, small hyperpolarizing currents (Ͻ500 pA) were injected into M/T cells to maintain the membrane potentials at rest or below action potential (AP) threshold. The locations of whole-cell recordings were determined relative to the surface of the olfactory bulb from the z-axis readout of an MP-285 micromanipulator (Sutter Instruments, Novato, CA).
Statistical analysis. Respiration and membrane potential responses were analyzed using Axograph or routines written in IGOR Pro (WaveMetrics, Lake Oswego, OR). To analyze the temporal relationship between spiking and subthreshold EPSPs in M/T cells, we aligned all odorevoked responses to the onset of inspiration during each respiration cycle. Individual respiration cycles were detected with Axograph using a sliding template derived from the respiration pattern of each experiment. The template is slid along the respiration trace, one point at a time, and is optimally scaled and offset to fit the data at each position. A detection criterion related to the signal-to-noise ratio of the detected event is calculated from the goodness-of-fit between the scaled template and the data. The methods of detection and alignment of respiration cycles are identical to those used to analyze spontaneous synaptic events (Clements and Bekkers, 1997) . For subthreshold responses, 10 -40 events were averaged to determine the underlying EPSP for each condition. The peak amplitude of the average EPSP was determined by averaging 20 msec around the EPSP peak. The EPSP slope was determined from a line fit to the rising phase of the EPSP. The absolute time of APs during each respiration cycle was used to construct raster plots and peristimulus time histograms (PSTHs). To combine results from different cells, we used the time point at which the averaged subthreshold EPSP reached 10% of its peak amplitude during the respiration cycle as time 0. M/T cell IPSP amplitudes were measured from aligned and averaged traces in a manner similar to that used for EPSPs. Individual spontaneous EPSCs and EPSPs in granule cells were also detected and analyzed using the sliding template approach in Axograph.
All data are reported as means Ϯ SEM. Significance was determined using Kolmogorov-Smirnov statistics for the data of individual cells and the two-tailed paired t test for comparison between two groups.
Results

Identification of olfactory bulb neurons
Olfactory bulb neurons were studied using whole-cell patchclamp recording in urethane-anesthetized, freely breathing rats. There are two main classes of neurons in the mammalian olfactory bulb: principal M/T cells and local interneurons (granule cells). These cells were distinguished based on their distance from the bulb surface (200 -300 m for M/T cells, Ͼ300 m for granule cells) and electrophysiological characteristics (Fig. 1) . The average membrane potential of M/T cells was Ϫ56 Ϯ 1.2 mV (range, Ϫ65 to Ϫ47 mV; n ϭ 22), more depolarized than that of granule cells (Ϫ63 Ϯ 1.5 mV; range, Ϫ76 to Ϫ54 mV; n ϭ 21). The input resistance of M/T cells was significantly less than that of granule cells: 115 Ϯ 16 compared with 332 Ϯ 38 M⍀. Furthermore, as reported in previous studies (Wellis and Scott, 1990; Luo and Katz, 2001) , granule cells exhibited a high frequency of spontaneous EPSPs (Fig. 1 B) . These criteria of identifying M/T and granule cells were further confirmed by biocytin staining of four mitral cells and three granule cells (Fig. 1) . M/T and granule cells also displayed different degrees of spontaneous activity. Among the 22 putative M/T cells, 10 were spontaneously active and firing spikes at a rate of 2.8 Ϯ 0.7 Hz. In contrast, the majority of granule cells did not spontaneously fire APs at rest (n ϭ 14 of 21), or did so at very low frequency (Ͻ0.5 Hz; n ϭ 6 of 21). 
Odor-evoked responses of M/T cells
Individual odorants could elicit a variety of responses in different M/T cells (Wellis et al., 1989; Luo and Katz, 2001; Margrie et al., 2001) . For example, the same odorant could cause excitation in some M/T cells and inhibition in others (Fig. 2) . Previous studies have reported that odors can also evoke complex patterns of M/T cell activity, presumably because of a mixture of excitation and inhibition (Harrison and Scott, 1986; Hamilton and Kauer, 1989; Wellis et al., 1989; Laurent, 1999) . We also found M/T cells that responded to odors with prolonged excitation or an apparent mixture of excitation and inhibition (data not shown). However, in the majority of M/T cells (22 of 32 in current-or voltage-clamp recordings) odor-evoked responses consisted of relatively simple patterns dominated by either excitation or inhibition. We focused on M/T cells with such relatively simple patterns for additional analyses to study the relationship between excitatory synaptic input and AP output of M/T cells. In our study, the majority of excitatory responses were bursts of APs coupled to the ϳ2 Hz respiration rhythm (Fig. 2) . The excitatory responses of individual M/T cells to different types of odors could be remarkably similar (Fig. 2) . In addition, different M/T cells (which receive inputs from different glomeruli) could show similar types of responses to the same odorants. Thus, we took advantage of this feature of M/T cells to pool responses from different cells and different odors in our analyses.
To examine the input-output relationship of M/T cells, we applied odorants while injecting hyperpolarizing current to bring the membrane potential to Ϫ70 mV, close to the reversal potential of GABA A -mediated inhibition under our conditions (4 mM internal Cl Ϫ ). M/T cells that responded to odor stimulation with bursts of APs displayed subthreshold membrane potential depolarizations that were clearly correlated with the respiration cycle. On average, odor-evoked depolarizations had rise times (10 -90% of peak amplitude) of 100 Ϯ 13 msec, and decayed with a time constant of 196 Ϯ 29 msec (n ϭ 7). The slow kinetics of these excitatory responses are not attributable solely to the passive membrane properties of M/T cells, because the membrane time constants of the same M/T cells were much faster (22 Ϯ 4 msec). We consider these excitatory responses to reflect summating EPSPs from the ORNs. In the cells studied, the AP numbers per cycle ranged from 1 to 18; EPSP amplitudes ranged from 2 to 20 mV. We next examined whether the odor-evoked responses displayed temporal changes during the course of odor presentation (2 or 4 sec). The number of APs (Fig. 3B 1 ) and EPSP amplitudes ( Fig. 3B 2 ) during each respiration cycle were normalized to those of the first cycle after odor onset for each cell. Although EPSP amplitude and AP number tended to decrease slightly from the first to the last during odor stimulation, the decline was not significant ( p ϭ 0.54 for AP numbers; 0.10 for EPSP amplitude; n ϭ 8; one-way ANOVA). Therefore, we treated each cycle of respiration-driven activity as an independent event in our additional analyses.
It has been suggested that spike timing may be an important factor in coding odor information (Hopfield, 1995; Laurent et al., 2001) . We next examined when APs occur in relation to the time course of the underlying EPSP during each respiration cycle. M/T cells typically started firing soon after the onset of odor-evoked depolarization (Fig. 4 A 1 ) . In some cycles, AP firing was not maintained, although the membrane potential was suprathreshold (Fig. 4 A 1 ) . For additional investigation, we aligned both odorevoked APs and subthreshold EPSPs to the respiration cycle. We compared the PSTH and averaged subthreshold EPSPs in the same cells (Fig. 4 A 2 ). An example of this comparison for one cell is shown in Figure 4 A, and a summary of the results from several cells is shown in Figure 4 B (n ϭ 5). We found that the majority of APs occurred during the rising phase of the EPSP; on average, 77 Ϯ 6% of the evoked APs occurred before the EPSP peak. In terms of information coding, these results suggest that the most salient features of the odor stimulus are contained in the rising phase of the EPSP.
Given the relative importance of the EPSP rising phase on AP initiation, we next examined the timing of the first APs within odor-evoked responses of each respiration cycle. As before, odorevoked responses were aligned to the respiration cycle. However, response onset in reference to the respiration signal was variable between cells. To compensate for this variability, we used the time when the averaged subthreshold EPSP of each individual cell reached 10% of its peak during the respiration cycle (10% EPSP onset) as our time reference point (time 0). We found that the first AP latency was negatively correlated with the number of APs evoked during each respiration cycle (Fig. 5B) . For all cells examined (n ϭ 9), the latency of the first AP in each respiration cycle decreased when the number of odor-evoked APs increased (Fig.  5C) . The relationship between spike number and first AP latency suggests that the respiration-driven, membrane potential oscillations provide a mechanism to control AP timing.
Previous studies have suggested that the magnitude of M/T output is graded with respect to odor concentration (Kauer, 1974; Mair, 1982; Harrison and Scott, 1986) . However, the temporal pattern of M/T spikes can also vary with changes in odor concentration (Harrison and Scott, 1986) . The relationship we observe between the first AP latency and number of APs per respiration cycle also suggests a possible role for spike timing in coding odor intensity. To address this issue, we next examined how M/T cells respond to changes in odor intensity. Odors were applied at two concentrations: a "low" concentration that clearly generated an excitatory response and a concentration that was 10 Middle, The PSTH of the 79 cycles of APs was constructed with a bin width of 5 msec. Bottom, Averaged EPSP of the subthreshold responses at Ϫ70 mV aligned to the onset of inspiration; 65% of the APs in this cell occurred before the peak of the EPSP. B, Group data of the firing probability (filled circles) and subthreshold EPSPs (open circles). For each M/T cell, the firing probability was calculated from the probability density function (PDF) of spike times. The PDF and EPSP were normalized to their peak amplitudes and averaged for five cells. For clarity, only one of every four error bars are plotted. times stronger ("high"). One example comparing spiking responses evoked by different odor intensities is shown in Figure 6 . Single trials and raster plots of APs evoked during each respiration cycle are shown for responses to 10 and 100% CIN (Fig.  6 A,B) . Overall, increasing odor intensity led to two marked changes in response: cells responded with more APs and the APs occurred earlier within each cycle (Fig. 6C,D) (n ϭ 6). Here, the 10% onset time of the EPSP evoked by the stronger odor for each cell was used as time 0 to compare the absolute change of first AP latency. On average, the number of APs increased from 2.1 Ϯ 0.4 per cycle for our low odor concentrations to 4.0 Ϯ 1.0 per cycle during stronger stimulation ( p Ͻ 0.05; paired t test). Under these conditions, the first AP latency decreased from 137 Ϯ 23 to 73 Ϯ 21 msec ( p Ͻ 0.001; paired t test). We then considered whether the firing frequency within each respiration cycle was sensitive to changes in odor intensity. To address this question, we measured the interspike intervals (ISIs) within each respiration cycle and averaged these values for each condition. In contrast to the marked effect on first spike latency, the ISI decreased significantly for only a fraction of the cells (n ϭ 3 of 6; Kolmogorov-Smirnov test). On average, the decrease of ISI, from 57 Ϯ 8.8 msec for weaker stimuli to 45 Ϯ 12.7 msec for stronger stimuli, was not significant ( p ϭ 0.07; paired t test). Odor-evoked AP firing frequencies did not reach the rates obtained in the same cells in response to strong depolarizing current injection (ϳ50 Hz). Therefore, the relatively modest intensity-dependent changes in M/T cell ISIs were not attributable to saturation of the firing rate.
We next investigated the underlying synaptic mechanisms contributing to odor intensity coding in M/T cells. Although the peak amplitude and initial slope of odor-evoked EPSPs varied for different cells and different odors, both of these parameters were sensitive to changes in odor intensity (Fig. 7) . On average, the EPSP peak amplitude increased significantly for stronger odors (low concentration, 3.4 Ϯ 1.0 mV; high, 7.4 Ϯ 1.7 mV; p Ͻ 0.01; paired t test; n ϭ 6). The EPSP initial slope increased to a similar degree (low concentration, 16 Ϯ 4.0 mV/sec; high, 41 Ϯ 9.3 mV/ sec; p Ͻ 0.05; paired t test; n ϭ 6). The EPSP latency responded more variably to changes in odor intensity. Although increasing odor intensity decreased the EPSP latency in some M/T cells (compare Fig. 7A ), on average, the latency did not change significantly (n ϭ 6; p ϭ 0.42). Together, these results indicate that changes in odor intensity lead to changes in both the amplitude and the initial time course of odor-evoked EPSPs.
Intensity-dependent changes in the latency of M/T cell spikes would contribute to the temporal pattern of olfactory information relayed to the cortex. In addition, changes in M/T cell activity may influence local processing within the olfactory bulb attributable to lateral interactions between M/T cells. Reciprocal dendrodendritic inhibition between M/T and granule cells has been suggested to play an important role in odor coding . We next examined whether changes in odor intensity affected local processing by studying a subset of M/T cells that displayed inhibitory odor-evoked responses at their resting membrane potentials.
Like cells that were excited by odors, some M/T cells showed clear odor-evoked IPSPs that were coupled to the respiratory rhythm (Figs. 2C,D, 8) . In contrast to M/T cell EPSPs, the peak amplitude of rhythmic, odor-evoked IPSPs did change markedly over the course of odor application. The amplitudes of odorevoked IPSPs were larger during the first respiration cycle compared with subsequent cycles in the presence of odor (Fig. 8 A) (n ϭ 6; p Ͻ 0.01, one-way ANOVA; p Ͻ 0.01, Dunnett's test). Although odor-evoked EPSPs did not show a dramatic shift of onset latency, increasing odor intensity decreased the latency of IPSPs in all cells examined (Fig. 8 B) (n ϭ 4) . Given the circuitry of the olfactory bulb (Shepherd, 1998) , these IPSPs must be attributable to lateral inhibition initiated by other M/T cells that were themselves excited by the odorant. The change in IPSP onset in response to increasing odor intensity is most likely explained by the latency shift in spike timing we observed in M/T cells excited by odorants. Together, these findings suggest that the local synaptic processing attributable to lateral inhibition in the olfactory bulb is dynamic: lateral inhibition is strongest during the first respiration cycle in the presence of an odor and the latencies of IPSPs are also sensitive to differences in odor intensity.
Odor-evoked responses of granule cells
For additional exploration of how odor information is processed in local circuits of the olfactory bulb, we examined the spontaneous and evoked activity of granule cells. Although granule cells typically received a high-frequency barrage of EPSPs (35 Ϯ 8.4 Hz; n ϭ 6), the majority of granule cells did not spontaneously fire APs. We studied the spontaneous synaptic events in both current-and voltage-clamp configurations (Fig. 9) . In cells recorded in current-clamp mode at V rest , spontaneous EPSPs had an average amplitude of 3.5 Ϯ 0.7 mV and average rise times and decay time constants of 2.5 Ϯ 0.8 and 13.6 Ϯ 3.8 msec, respectively (n ϭ 8 cells). In voltage-clamp recordings (V m ϭ Ϫ80 mV), spontaneous EPSCs had an average amplitude of 38 Ϯ 10 pA and rise times and decay time constants of 0.95 Ϯ 0.1 and 3.6 Ϯ 0.5 msec, respectively (n ϭ 5 cells). The decay time constants of granule cell EPSCs in this study are somewhat slower than those recorded previously in olfactory bulb slices (Isaacson, 2001) , most likely because of the larger access resistance encountered with in vivo recording. Despite receiving a relatively high frequency of spontaneous EPSPs, the low rate of spontaneous granule cell APs presumably reflects the relatively rapid kinetics of individual synaptic events as well as the hyperpolarized resting potential of granule cells (approximately Ϫ65 mV).
Similar to M/T cells, granule cells displayed rhythmic depolarizations that were coupled to the respiration rhythm in response to odor stimulation (Fig. 10 A) . In contrast to odorevoked EPSPs in M/T cells, granule cell responses adapted quickly after the first respiration cycle. On average, the response amplitude during the second cycle was only 64.2 Ϯ 7.9% of the first cycle (Fig. 10 B) (n ϭ 10; p Ͻ 0.05, one-way ANOVA; p Ͻ 0.01, Dunnett's test). We found that the amplitudes of rhythmic, odor-evoked EPSPs in granule cells were also enhanced when the odor concentration was increased ( Fig. 10 A) ; however, we did not further explore intensitydependent responses of granule cells. Granule cells typically required high-amplitude, summated EPSPs to reach the AP threshold during odor-evoked activation (Fig. 10 D) . We used spike-triggered averaging to examine the responses underlying odor-evoked granule cell firing. Odorevoked rhythmic responses (7-30 per cell) were aligned to the rising phase of the first AP in each event. Even when odor-evoked responses reached the AP threshold, the number of spikes evoked per respiration cycle was generally low (2.1 Ϯ 0.5; n ϭ 6 cells). Visual inspection of the inflection point preceding the AP upstroke was used to estimate the odor-evoked AP threshold in granule cells. The difference between the resting membrane potential and the AP threshold in these cells averaged 15.8 Ϯ 1.9 mV (n ϭ 6). These spike-triggered average data indicate that granule cells require strong, relatively synchronous excitatory input to reach AP threshold. Although we cannot exclude the possibility that some granule cell EPSPs arise from centrifugal inputs, the simplest interpretation of these results is that granule cells require strong input from M/T cells to reach AP threshold in response to odorants.
Discussion
In this study, we used whole-cell recording to characterize odorevoked responses of M/T and granule cells in anesthetized, freely breathing rats. We found that odor-evoked excitatory responses of the majority of M/T cells consisted of EPSPs and bursts of APs that were coupled to the ϳ2 Hz respiratory cycle. In contrast, the odor-evoked responses of granule cells had few APs and adapted quickly after the first respiration cycle. Furthermore, granule cells required strong, odor-evoked excitatory input to reach AP threshold. For M/T cells, the majority of APs occurred during the rising phase of summated EPSPs, and the latency of the first APs during each respiration cycle was negatively correlated with the number of evoked APs. M/T cells responded to stronger odorant stimulation with more APs during each cycle and a shorter latency to the time of the first AP. Odor-evoked M/T cell lateral inhibition adapted strongly after the first respiration cycle, and the latency of lateral inhibition decreased as the odor intensity increased.
Odor-evoked responses of M/T cells
Previous studies have revealed that odors can evoke both simple and complex activity patterns in olfactory bulb neurons. In this study, we show that odorants can evoke responses in M/T cells that are dominated by synaptic excitation or inhibition driven by the respiration rhythm. In rodents, extracellular unit recordings have revealed that odor-evoked M/T cell spikes are generally coupled to the respiratory rhythm (Macrides and Chorover, 1972; Chaput and Holley, 1980; Mair and Gesteland, 1982) . However, studies of the relationship between M/T activity and respiration have typically sought to determine the source of the rhythm, i.e., whether it is purely peripheral (nasal) or modulated by central inputs (Onoda and Mori, 1980; Ravel et al., 1987; Sobel and Tank, 1993) . These studies indicate primarily that periodic sampling of odors by ORNs during inspiration underlies rhythmic M/T cell spiking.
We find that M/T cells respond to ORN input in a manner that is generally consistent throughout the time course of odor stimulation. On average, the number of evoked spikes per respiration cycle did not change significantly during the course of odor presentation. The lack of adaptation in M/T cell firing is consistent with the relatively small changes we see in ORN-mediated EPSPs in M/T cells. Individual ORNs show adaptation during prolonged odor exposure (Zufall and Leinders-Zufall, 2000) . However, our findings using 2-4 sec of odor application are consistent with previous results showing a lack of adaptation in the electroolfactogram in freely breathing rats (Chaput, 2000) . Presumably, the periodic exposure to odorants during respiration serves to minimize ORN adaptation.
We also find that odor-evoked IPSPs in M/T cells and EPSPs in granule cells are dynamically regulated over the course of odor presentation. Granule cell excitation is maximal during the first respiration cycle in the presence of odor and is ϳ40% weaker over subsequent cycles. M/T cell lateral inhibition showed a virtually identical time course. Dendrodendritic reciprocal synapses formed between M/T and granule cells are likely to underlie the parallel temporal responses of the two cell types. What underlies the adaptation of granule cell excitation and M/T cell lateral inhibition? One possibility is that GABAergic feedback inhibition of the M/T cells mediating lateral inhibition leads to a reduction in AP propagation in their lateral dendrites (Xiong and Chen, 2002) . Alternatively, the requirement in granule cells for strong temporal summation of rapid EPSPs to reach AP threshold may play a role. Our results suggest that granule cell spiking would require convergent and relatively synchronous input from an ensemble of active M/T cells. Thus, another possibility to account for adaptation in granule cells is that the relative timing of APs in ensembles of activated M/T cells becomes "desynchronized" during the course of odor presentation Laurent et al., 2001 ).
Effect of odor intensity on M/T cell responses
We find that the number of spikes during each respiration cycle is closely correlated with the first AP latency in M/T cells. The simple correlation between spike count and first AP latency suggests that M/T cells could use spike timing as a measure of input strength. Similar results have been reported recently for respiration-coupled M/T cell activity in anesthetized, freely breathing mice (Margrie and Schaefer, 2003) . The relationship between first AP latency and the number of APs evoked implies a possible role for spike timing in coding odor intensity. Indeed, we find that M/T cells responded to stronger odors with more APs during each cycle and a shorter latency to the timing of the first spike. What mechanism underlies the change of first AP latency? One possibility is that the timing of ORN inputs to M/T cells is shifted earlier by stronger odors. In support of this hypothesis, the latency to the initial bursts of spikes in ORNs decreases with increases in odor intensity (Duchamp-Viret et al., 2000) . However, this cannot account entirely for the latency changes of the M/T cell spikes we observe because evoked EPSPs in some M/T cells did not necessarily show a significant decrease in latency in response to increasing odor intensity. Even for M/T cells in which EPSP latencies decreased in response to stronger odors (Fig. 7) , the latency shifts of the early APs were greater than those of the EPSPs. Rather, we believe that changes in the amplitude and slope of the underlying EPSPs are the major determinant in respiration-driven M/T cell spike timing. In this scenario, the membrane potential of the M/T cell simply reaches spike threshold earlier for stronger versus weaker odors.
Our results showing intensity-dependent changes in M/T cell action potential latency support the idea that spike timing during ongoing, rhythmic membrane activity can be used to encode features of olfactory stimuli (Hopfield, 1995; Laurent, 1999) . However, several of our observations seem to contradict the hypothesis that individual spikes are important for information coding. First, many M/T cells fire APs spontaneously, and this activity may degrade the information contained by odor-evoked spikes.
In addition, the latency of odor-evoked spikes can vary as much as ϳ100 msec even to the same odor concentration (Fig. 5) . However, these issues reflecting the "noisiness" and response variability of individual M/T cells can be minimized if information coding relies on the responses of a population of cells (Laurent, 1999) . In this case, the average response of an ensemble of responding M/T cells can also convey temporal information. In support of this view, we find that changes in odor intensity are also reflected in the timing of respiration-coupled IPSPs, which are attributable to lateral inhibition initiated by spikes from other M/T cells that were excited by the odor. Although we cannot determine the role of spike timing in the coding of odor intensity in higher olfactory centers, we think it is likely that the intensitydependent latency shift of M/T cell APs contributes to the local processing of odor information in the olfactory bulb.
It is important to note that the effect on first AP latency may represent only a part of the ultimate strategy used in the coding of odor intensity. Our results also show that M/T cells fire more spikes in response to higher concentrations of odorants. It has also been shown that some M/T cells can change their response patterns from inhibition to excitation with increasing odor concentration (Wellis et al., 1989) . Recent imaging studies have suggested that a spatial map of glomerular activity patterns may be used to encode odor information and that increasing odor intensity recruits more glomeruli (Rubin and Katz, 1999; Belluscio and Katz, 2001; Meister and Bonhoeffer, 2001 ) and thus more M/T cells. More recently, an imaging study has found that the glomeruli recruited by higher odorant concentrations have a longer latency to activation than those activated by lower concentrations (Spors and Grinvald, 2002) . Furthermore, this study found oscillations in glomerular activity coupled to the respiratory rhythm even in the absence of applied odorants. This suggested that odor-intensity coding could involve both spatial and temporal components: intensity could be encoded by the recruitment of additional glomeruli and the overall latency relative to the respiration cycle and the neuronal activity coupled to it (Spors and Grinvald, 2002) . These recent studies reinforce the notion that odor identity and intensity can be encoded by population responses of M/T cells. Our results of intensity-dependent changes in spike timing are likely to contribute to odor coding in the context of the spatial representation of odors in the bulb as well. For example, AP propagation in M/T cell lateral dendrites can be gated by lateral inhibition (Xiong and Chen, 2002) . Therefore, the timing of the first odor-evoked AP could be critical in determining the spatial extent of lateral interactions between M/T cells.
In summary, we have characterized some of the basic synaptic events underlying the processing of olfactory information in the olfactory bulb. However, additional studies examining synaptic transmission in larger populations of olfactory bulb neurons will be essential to determine the relative contributions of temporal and spatial coding in the mammalian olfactory system.
